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frameshift, splice site, missense), as well as scoring from other publicly available prediction algorithms (PolyPhen-2, SIFT and others). KGGSeq scores were only used as an informative instrument, variants were not removed from the list of possible disease relevant candidates based on KGGSeq score alone.
De novo, homozygous and compound heterozygous mutations
Single nucleotide variants (SNVs) and small indels Subsequent analysis of de novo and compound heterozygous, as well as homozygous, mutations was performed using KGGSeq [33] . For recessive disease models (homozygous and compound heterozygous) we only considered variants with a minor allele frequency (MAF) of less than 1%. We defined a de novo mutation as a first time genetic alteration of a specific locus in a proband. Compound heterozygous mutations were defined as the co-occurrence of two nonsynonymous alleles, one paternal, the other maternal, within a gene. The probability of de novo mutations in each gene was estimated using the framework of Samocha et al. [34] .
These probabilities were used to guide the assessment of de novo mutations and not to filter variants. Since a similar framework was not available for compound heterozygous mutations we made use of the only large control trio dataset publicly available, the Genome of the Netherlands (GoNL) [35] . The GoNL is a population dataset containing 250 unaffected parents-offspring trios. We estimated the background compound heterozygous mutation rate per gene from the GoNL dataset. We prioritized compound heterozygous mutations found in our CRS cases in genes where the background rate was low. Thus we classed as a candidate risk locus any gene for which a recessive or de novo model could be constructed in any of our trios using the set of rare potentially deleterious variants we had identified. Detected de novo, compound heterozygous and homozygous mutations were validated via Sanger sequencing of trio DNA (i. e. genotypes were validated in both parents and child).
Analysis of kinship revealed misattributed paternity within one family (CR46). Hence the family CR46 was excluded from all family based analyses (de novo, compound heterozygous and homozygous mutation analysis).
Copy number variation
We investigated copy number variation (CNV) in the families CR5, CR17 and CR41 with Illumina's HumanCoreExome-24 beadchip. Quality control of the assayed genotypes was performed using GenomeStudio (Illumina Inc.) using the default settings. CURR20 was also genotyped using CytoScan® HD Array, but failed initially quality control and was therefore excluded from the analysis. CNV calling and de novo CNV detection was performed using
PennCNV [36] . We identified potentially disease associating CNVs as follows. We retained for further analysis, CNVs which allowed construction of a recessive disease model for any gene in any of our trios. We also retained de novo CNVs and rare CNVs. We deemed a CNV to be rare if it did not overlap with any CNV detected in the 1000 Genome Project. 
RESULTS
After extensive quality control and MAF (MAF≤1%) filtering we retained 229,849 variants of which 92.4% were known in dbSNP137. Hence we only retained variants below the frequency of 1% and those which are novel. Out of these, 7,442 missense, 184 frameshift, 227 nonframe-shift, 150 splicing, 173 stop-gain and 5 stop-loss variants in 3,872 different genes were analyzed in respect to de novo, compound heterozygous and homozygous mutations. Of these variants 236 were either heterozygogous or homozygous in all analyzed cases (see supplementary material II). Out of these, 226 were missense and 10 stop-gain variants distributed across 35 different genes. A further 65 of these variants were predicted to be damaging by KGGSeq. We identified two rare mutations in the known CRS related genes PTEN (rs202004587, missense, p.A79T) and VANGL1 (rs74117015, stop-gain, p.Ser338Ter) in CR5C inherited from the mother and father respectively ( Table 2 ). Both were predicted to be damaging.
De novo variants
In total we identified three de novo mutations, two missense and one frameshift mutations in three different genes: MORN1 (p.Gly107Arg), SPTBN5 (p.Glu25Lys), and ZNF330 (p.Lys3fs) in patients CR41C, CR5C, and CURR20C respectively ( Table 2 ). MORN1 encodes MORN (membrane occupation and recognition nexus) repeats [42] . The exact function of this gene is not known, however, in Toxoplasma gondii it is known to be involved in nuclear cell division [43] .
Furthermore MORN repeats are known to be part of a number of genes, including junctophilins
[44] which are involved in cardiomyopathy [45] . Notably, MORN1 was reported to be produced by insulin producing cells (IPCs) derived from pancreatic stem cells [46] . The estimated probability for a de novo mutation to occur in MORN1 is 0.8%, but 59% of all analyzed genes have a lower probability [34] . Pathogenicity analysis by KGGSeq suggests that the de novo mutation is damaging. Thus, given the pathogenic nature of the two de novo variants and their expression pattern in pancreatic cells, MORN1 and ZNF330 are candidate CRS genes.
We detected one de novo CNV deletion on 3q13.13 in CR5C ( Table 3 ). The deletion does not seem to encompass any gene or functional element, yet it overlaps with CNVs previously reported in patients with a similar phenotype. In particular, a documented de novo deletion in a Japanese patient with OEIS (omphalocele, exstrophy of the cloaca, imperforate anus, spinal defects) complex who also had a sacrum malformation (DECIPHER: 971) overlaps with the de novo CNV identified in CR5C.
Homozygous and Compound Heterozygous Mutations
In total we identified 8 compound missense heterozygous and one homozygous missense mutations (PDZD2) which passed the described filtering criteria (detailed in Table 2 ). Strikingly, mutations in genes related to diabetes were detected in two patients. None of the affected genes were recurrent. The two genes associated with diabetes were PDZD2 and CLTCL1 and were found mutated in CR5C and CR17C respectively. We detected a homozygous CNV deletion encompassing part of chromosome 8p23.2 in patient CR5C ( Table 3 ). The CNV does not overlap with known genes but is contained within a duplication found in a patient with abnormal sacrum (DECIPHER: 271204). This documented patient, while also harboring another deletion (7q34-7q36.3), displayed a great variety of phenotypes including central hypertonia, hypermetropia, long thorax, narrow mouth, seizures, strabismus, and deep set eyes. Additional detected rare CNVs overlapped with a number of other genes, however, none were known to be related to CRS (see supplementary material I).
DISCUSSSION
Within this pilot study we have identified a number of novel risk loci potentially connected to CRS. We have also found a number of mutations for already known genetic risk factors [10].
Here we highlight these preliminary findings and discuss their relevance for future studies.
Foremost, all four patients were affected by a homozygous, compound heterozygous mutations or de novo variant in a diabetes-relevant (CLTCL1 and PDZD2) or pancreatic expressed (MORN1 and ZNF330) gene. While these results are not definitive it is in line with the increased CRS risk for children born to diabetic mothers. In addition, one de novo (chr3q13. 13) and one homozygous CNV (chr8p23.2) overlap with CNVs reported in patients with similar phenotype. Identification of overlapping CNVs in patients with similar phenotype is the central aim of DECIPHER [55] . Since many patients with rare diseases harbor novel or extremely rare variants, it is crucial to accumulate evidence across patients in order to foster understanding of the disease. Furthermore, we identified a heterozygous mutation in GLTSCR2, a direct regulator of PTEN. PTEN has been previously associated with CRS-like phenotypes (VACTER)
[10]. Interestingly, the same subject (CR5C) has also an inherited mutation within PTEN and the CRS-related gene VANGL1. These results further strengthen the role of PTEN and VANGL1 in CRS. Likewise, the identification of compound heterozygous mutations in DNAH10 and KIF1A could suggest an involvement of ciliary proteins.
There are, a number of limitations to our study. Our sample size is small, but to be expected given the disease prevalence and the costs of the genetic assays used. We were not able to identify recurrent affected genes across different patients. We did not look for mutations assuming other than recessive inheritance because the yield of true to false positives would be poor. Many types of genetic variation were not assayed, for instance we only assayed exomic SNVs. Lastly, models involving environment, such as gene-environment interactions within the utero, could not be investigated. [61] [62] [63] [64] suggests that CRS might be caused by a multitude of private genetic risk factors. This makes identification of a common underlying genetic architecture challenging. Furthermore, differences in the genetic etiology between humans and experimental organisms makes it difficult to investigate the exact causal mechanism. Many aspects of the disease are still poorly characterized, for example, disease prevalence. While some studies have estimated that 1 in 7,700 children might be affected [1] , others suggest it might be as rare as 1 in 100,000 births [2] . This further complicates estimation of the number of disease causing mechanisms [59] .
Conclusion
Despite the complexity of the phenotype, we were able to identify common genetic characteristics across patients, potentially causally related to the known risk factors and supposed disease etiology. Our data, although limited to a small group of patients, support a multigenic model for CRS. Future studies should consider larger accumulated samples across multiple centers in order to identify common genetic characteristics via whole genome or whole exome sequencing. 
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